Human M-ficolin is a pathogen-associated molecular recognition molecule in the innate immune system, and it binds to some sugars, such as GlcNAc (N-acetylglucosamine), on pathogen surfaces. From previous structural and functional studies of the FD1 (M-ficolin fibrinogen-like domain), we proposed that the ligandbinding region of FD1 exists in a conformational equilibrium between active and non-active states depending on three groups with a pK a of 6.2, which are probably histidine residues, and suggested that the 2-state conformational equilibrium as well as the trimer formation contributes to the discrimination mechanism between self and non-self of FD1 [Tanio, M., Kondo, S., Sugio, S. and Kohno, T. (2007) His 297 are required for the activity, and thus we concluded that the three histidines are the origins of the pH dependency of FD1. Monomeric mutants of FD1 show weaker affinity for the ligand than the trimeric wild-type, indicating that trimer formation confers high avidity for the ligand. In addition, analyses of the GlcNAc association and dissociation of FD1 provided evidence that FD1 always exchanges between the active and non-active states with the pH-dependent populations in solution. The biological roles of the histidine-regulated conformational equilibrium of M-ficolin are discussed in terms of the self and non-self discrimination mechanism.
INTRODUCTION
Ficolins are one of the most important groups of proteins capable of recognizing pathogens, and they function in the innate immune defence as pathogen-associated molecular pattern recognition molecules [1] [2] [3] [4] [5] [6] [7] . Ficolins are comprised of a collagenlike domain at the N-terminus and a FBG (fibrinogen-like domain), which is the ligand-binding site, at the C-terminus [8, 9] , and they form trimer-based multimers that are N-terminally linked by disulfide bonds [10] . Three human ficolins (L-, Mand H-ficolins) have been characterized [9, [11] [12] [13] [14] [15] . The amino acid sequence homologies between L-ficolin and M-ficolin, and between H-ficolin and either L-ficolin or M-ficolin, are 80 and 48 % respectively [11, 14] . These ficolins are associated with the mannose-binding lectin-associated serine protease, and the complexes activate the lectin complement pathway [5, 6, 16] . Interestingly, ficolins collaborate with CRP (C-reactive protein), which is highly up-regulated during the acute-phase response, and the interaction stabilizes CRP binding to bacteria, resulting in the activation of the lectin complement pathway [17] .
Recently, the crystal structures of the FBG domains of the three human ficolins were resolved, which revealed their trimerization manner [18] and ligand-binding site(s) [19, 20] . The overall structures of the FBG domains of the ficolins are similar to those of Tachypleus tridentatus tachylectin 5A [21] and the human fibrinogen γ fragment [22] , and consist of three domains, A, B and P (Figure 1 ). The ligand-binding site, S1, in the P domain of the ficolins, is identical with those of tachylectin 5A and the human fibrinogen γ fragment [19, 20] . Furthermore, L-ficolin has three additional ligand-binding sites in the FBG domain [19] .
L-ficolin (synonymous with ficolin-2 or Ficolin/P35) binds to acetyl groups such as GlcNAc (N-acetylglucosamine) [23] .
This protein binds to clinically important bacteria, including Salmonella typhimurium, Staphylococcus aureus, Streptococcus pneumoniae, Streptococcus pyogenes and Streptococcus agalactiae [15, [23] [24] [25] . H-ficolin (synonymous with ficolin-3 or Hakata antigen) shows affinity for GlcNAc, GalNAc (Nacetylgalactosamine) and D-fucose, and binds to S. typhimurium, Salmonella minnesota and Aerococcus viridans [11, 23] . H-ficolin has high complement-activating potential and is highly resistant to bacterial collagenase treatment, as compared with other lectin complement pathway initiators [26] . It was demonstrated that Lficolin and H-ficolin recognize surface structures on apoptotic cells and initiate the activation of the lectin complement pathway [27] . L-ficolin and H-ficolin exist as plasma proteins [5, 6] .
M-ficolin shows affinity for GlcNAc, GalNAc and sialic acid [9, 28] , and it binds to Staph. aureus through GlcNAc [28] . Mficolin binds weakly to S. typhimurium, but this binding is not inhibited by GlcNAc [28] . In addition, the peptide Gly-ProArg-Pro, which mimics the N-terminal sequence of the fibrin α-chain and inhibits fibrin polymerization, prevents binding of the M-ficolin FBG domain to GlcNAc [18] . M-ficolin is expressed by blood monocytes and type II alveolar epithelial cells [9, 13, 28, 29] . Interestingly, M-ficolin expression is downregulated when monocytes mature into macrophages, but can be re-induced in mature macrophages when they are treated with bacterial products such as lipopolysaccharide [30] . M-ficolin, unlike L-ficolin and H-ficolin, was not considered to be a serum protein, but it was recently demonstrated that M-ficolin exists in human plasma and serum under normal conditions [31] .
Since GlcNAc, the common ligand of ficolins from several species [5] [6] [7] , is universally expressed on both pathogens and hosts, the discrimination mechanism between self (host) and nonself (pathogen) by ficolins is of particular interest. With regard Abbreviations used: CRP, C-reactive protein; DLS, dynamic light scattering; FD1, M-ficolin fibrinogen-like domain; FBG, fibrinogen-like domain; GalNAc, N-acetylgalactosamine; GlcNAc, N-acetylglucosamine. 1 To whom correspondence should be addressed (email tkohno@mitils.jp). The Ca 2+ ion is shown as a yellow sphere, and the side chains of the six histidines, Phe 127 and Leu 128 are shown as sticks. The arrow points to the S1 ligand-binding site [20] .
to this, we previously suggested that the trimer formation by the FD1 (M-ficolin FBG domain) is required to recognize pathogen surfaces with high ligand density [18] . In addition, from analyses of the pH-dependent GlcNAc binding activity of FD1, we developed a model describing a conformational equilibrium at the P domain between the active and non-active states, which would contribute to the prevention of self-recognition [18] . The analysis of the pH dependency by using the 2-state equilibrium model also indicated that three groups with a pK a of 6.2, which are probably histidine residues, regulate the activity [18] .
In the present study, we identified the three groups with a pK a of 6.2 and investigated whether the 2-state equilibrium exists in FD1. To express FD1 and its mutants for these purposes, we employed the Brevibacillus choshinensis expression system, which is a powerful system that secretes recombinant proteins with disulfide bonds [32] [33] [34] [35] . Mutational analyses of FD1 revealed that three histidines, His 251 , His 284 and His 297 , are required to maintain its ligand-binding activity. In addition, the GlcNAc association and dissociation study of FD1 provided experimental evidence of the existence of the 2-state equilibrium.
MATERIALS AND METHODS

Preparation of FD1 and its mutants by the B. choshinensis expression system
The cDNA encoding FD1, corresponding to residues 115-326 of human M-ficolin, with a c-myc epitope and a six-histidine tag at the C terminus, was amplified using the pPICZαA vector containing the FD1 gene [36] as a template, with the forward primer (5 -GGATCCCCACGCAACTGCAAGGACCTGCTA-3 ), containing a BamHI site, and the reverse primer (5 -AAGCTTCA-ATGATGATGATGATGATGGTCGACGGG-3 ), containing a HindIII site. The BamHI to HindIII fragment containing the FD1 gene was cloned into the BamHI and HindIII sites of the pNCMO2 vector (Takara Bio), which originally contained a gene encoding the signal peptide of a B. choshinensis cell wall protein [34, 35] . Site-directed mutagenesis was performed using the QuikChange site-directed mutagenesis kit (Stratagene). The resulting plasmid was electroporated into the B. choshinensis HPD31-SP3 strain (Takara Bio) according to the manufacturer's instructions. The protein expressed from the construct undergoes the signal peptide processing, resulting in the secretion of the mature FD1 protein (238 amino acids, 26.8 kDa) consisting of an AGS sequence at the N-terminus, residues 115-326 of M-ficolin, and a FLEQKLISEEDLNSAVDHHHHHH sequence (23 residues) including the c-Myc epitope and the histidine tag at the C-terminus. The transformed B. choshinensis was precultivated in 3-5 ml of 2SYNm medium, containing 2 % glucose, 4 % soytone (Becton Dickinson), 0.5 % yeast extract (Becton Dickinson), 1 mM CaCl 2 and 50 μg/ml neomycin at 37
• C overnight. The preculture was diluted 100-fold with 5 ml (in a glass tube) or 100 ml (in a 500 ml flask) of SYNm medium, containing 2 % glucose, 0.8 % soytone, 0.5 % yeast extract and 50 μg/ml neomycin, and then the tube or flask was incubated at 27-37
• C with reciprocal shaking at 200 rev./min or with rotary shaking at 100 rev./min respectively, for 2 to 4 days ( Figure 2A , lane 1). The supernatant containing the secreted protein was adjusted to pH 7.8-8.2, and was loaded on to TALON superflow resin (0.1-2 ml; Clontech) previously equilibrated with wash buffer containing 50 mM Tris/HCl, pH 8.0, and 300 mM NaCl. After washing, the protein was eluted with the wash buffer containing 300 mM imidazole ( Figure 2A , lane 2).
Measurement of GlcNAc binding activity
All of the following GlcNAc binding studies were carried out at 4
• C using a GlcNAc column, which is a MicroSpin column (GE Healthcare) containing 20 μl of GlcNAc-agarose beads (Sigma; 1 μl of the beads maximally binds to approx. 2 μg of FD1 at pH 8.0 and 4
• C). To assess the GlcNAc-binding abilities of FD1 and its mutants expressed by B. choshinensis, the protein eluted from the TALON column was concentrated to approx. 0.1-0.2 mg/ml in Tris buffer, containing 50 mM Tris/HCl, pH 8.0, 150 mM NaCl and 5 mM CaCl 2 , and then 100 μl of the concentrated protein was added to a GlcNAc column. The column was gently mixed, and then incubated with gentle rotating for 2 h. After washing with 100 μl of the Tris buffer, the bound protein was eluted from the column with 100 μl of the Tris buffer containing 0.5 M GlcNAc.
To investigate the pH-dependent GlcNAc binding activity, the FD1 eluted from the TALON column was further purified by anion-exchange chromatography followed by gel-filtration chromatography ( Figure 2A , lane 3), as described previously [36] . A 100 μl aliquot of a 0.1 mg/ml solution of the purified FD1 in Mes buffer, containing 50 mM Mes, 150 mM NaCl and 5 mM CaCl 2 , at several pH values between 5.2 and 7.0, was incubated in a GlcNAc column for 2 h. Without washing, the bound protein was eluted with 100 μl of the Tris buffer containing 0.5 M GlcNAc.
Investigation of the FD1 dissociation from the GlcNAc column by washing
The FD1-bound column, which was prepared by incubating a GlcNAc column for 2 h with 300 μl of 0.1 mg/ml of the purified FD1 in the Mes buffer at pH 6.2 or 7.0, was washed three times with 300 μl of the Mes buffer for 2 h. The bound FD1 in the washed column was then eluted with 300 μl of the Tris buffer containing 0.5 M GlcNAc. As a control, the bound FD1 was eluted from the unwashed FD1-bound column. The concentrations of the eluted proteins were evaluated by using a Bio-Rad protein assay kit (Bio-Rad Laboratories).
GlcNAc binding study of the FD1 remaining in the flow-through fraction
A 300 μl aliquot of a 0.1 mg/ml solution of the purified FD1 in the Mes buffer, at pH 5.2, 6.2 or 7.0, was incubated in a GlcNAc column for 2 h, and then the flow-through fraction (FT1) was saved. The bound FD1 (E1) in the column was eluted with 300 μl of the Tris buffer containing 0.5 M GlcNAc. Subsequently, a 200 μl aliquot of the saved FT1 was incubated in a new GlcNAc column for 2 h, and then the flow-through fraction (FT2) from the FT1-applied column was saved. The bound FD1 (E2) in the FT1-applied column was eluted with 200 μl of the Tris buffer containing 0.5 M GlcNAc. The concentrations of FD1 in the FT1, FT2, E1 and E2 fractions were evaluated by using a Bio-Rad protein assay kit (Bio-Rad Laboratories).
DLS (dynamic light scattering)
DLS experiments on FD1 and its mutants were performed using a DynaPro MSXTC (Protein Solutions). The protein solution (1-2 mg/ml), in 50 mM Tris/HCl, pH 8.0, 150 mM NaCl and 5 mM CaCl 2 , was filtered through a 0.45 μm filter, and then was loaded into the quartz cell. Measurements were made at a 90
• scattering angle, using an incident laser beam with a wavelength of 825 nm. Fifteen to twenty acquisitions were recorded at 20
• C, with an acquisition time of 5 s for each experiment. The data were analysed using the graphical size analysis software, Dynamics (Version 5), provided with the instrument.
RESULTS
Expression of FD1 and its mutants by B. choshinensis
In our previous study [36] , FD1 containing two disulfide bonds was successfully expressed by the yeast Pichia pastoris expression system, which is very useful for the secretion of highly disulfide-bonded proteins [37] . However, the expression of several mutants of FD1 by this eukaryotic system was unsuccessful. Therefore, we attempted to use the B. choshinensis expression system, which has also been successfully used to express several mammalian proteins with disulfide bonds and various bacterial proteins into the culture medium with correct folds and biological activity [32] [33] [34] [35] . By using this prokaryotic expression system, FD1 and its mutants were successfully expressed and secreted into the culture medium (Figure 2A ). The typical yield of the purified proteins was approx. 10 mg/l of culture medium in the present method, whereas it was 5-8 mg/l of culture medium with the P. pastoris system [36] . The GlcNAc binding activity and its pH dependence were also observed in the wild-type FD1 expressed by B. choshinensis ( Figure 2B) , and therefore the FD1 expressed by this system has the correct folding and function.
Mutational analyses of FD1
In the present study, we used the residue number for the precursor M-ficolin, and every residue number is thus shifted by 29 from that of the mature protein used by Garlatti et al. [20] (e.g. His 297 corresponds to His 268 in the mature protein). To explain the pH-dependent GlcNAc binding activity, we previously proposed the 2-state conformational equilibrium model of FD1, which depends on the three groups with a pK a of 6.2 [18] . Since the pK a value strongly suggested that this pH dependence is closely related to the charged state of histidine residues in the protein, we attempted mutational analyses of the histidine residues in FD1, which contains six histidines in the FBG domain (Figure 1 ). Each protein was applied to the GlcNAc column at pH 8.0, and then the applied protein solution, flow-through fraction, wash fraction and elution fraction were analysed by SDS/PAGE (Figure 3) .
In the case of the wild-type, the protein was predominantly found in the elution fraction ( Figure 3A, lane 4) , with slight amounts in the flow-through and wash fractions ( Figure 3A , lanes 2 and 3 respectively). The single histidine mutants, H132A, H194A and H215A, showed the normal activity ( Figures 3B-3D) , and thus the three histidines, His 132 , His 194 and His 215 , are not essential for the GlcNAc binding activity. This also means that they do not contribute to the pH dependency of FD1. In contrast, H251A caused a drastic reduction in the binding ability ( Figure 3E) , and H284A and H297A had almost no GlcNAcbinding activity (Figures 3F and 3G ). For the last three mutants, the protein was predominantly found in the flow-through fraction, as in the case of the wild-type at low pH ( Figure 2B ). Similar results were also observed with H251F, H284F, H284Y and H297F (results not shown). These results provided evidence that The side chain of histidine at pH <6 is generally protonated, and thus is positively charged. The crystal structure of FD1 at pH 5.6 indicated that the cationic side chain of His 284 is able to interact with the anionic side chain of Asp 282 [18] . In addition, Ala 281 and Asp 282 are replaced with lysine and asparagine, respectively, in L-ficolin, of which the crystal structure at neutral pH showed no binding of N-acetylated ligands in the S1 site [19, 20] . These findings suggested that the decreased activity of FD1 at pH <6 ( Figure 2B ) might be caused by the disruption of an electrostatic charge distribution around the S1 site. If so, then the addition or deletion of electrostatic charge around the S1 site could perturb the ligand-binding ability of FD1. However, the addition of a positive charge (A281K) or the deletion of a negative charge (D282N) near the S1 site of FD1 resulted in normal activity ( Figures 4A  and 4B ). These results indicated that the charged state around the S1 site does not directly affect the ligand binding of FD1.
Interestingly, the mutations of Phe 127 and Leu 128 , which both contribute to trimer formation by FD1 [18] , but are not related to ligand binding [20] , revealed weak affinity for GlcNAc (Figures 4C and 4D) . Similar results were also observed in the F127A/ L128A and F127S/L128S double mutants (results not shown). These Phe 127 substitution mutants tend to form monomers with polydispersity, while all of the single histidine mutants as well as the wild-type form trimers with relative monodispersity, as judged by the DLS experiments. Figure 5 shows typical size-distribution histograms of the wild-type (Figure 5A ), the monomer mutant (F127K/L128Q, Figure 5B ) and the trimer mutant (H297A, Figure 5C ). These results indicated that the FD1 monomer shows weak affinity for GlcNAc, and that the trimer formation increases the binding ability of FD1. Phe 127 is conserved in L-ficolin, but is replaced with a threonine residue in H-ficolin, suggesting that the monomer-monomer interaction in H-ficolin is weaker than those in M-ficolin and L-ficolin.
The crystal structures of FD1 complexed with ligands indicated that the ligand-protein interaction consists of van der Waals contacts and hydrogen bonds [20] . A comparison of the ligandcomplexed structures between FD1 and the L-ficolin FBG domain revealed that Tyr 300 is one of the key residues to bind N-acetylated ligands in FD1, because the corresponding residue is replaced with phenylalanine in L-ficolin, which lacks the ability to bind N- acetylated ligands in the S1 site [19, 20] . Indeed, the replacement of Tyr 300 with phenylalanine in FD1 drastically decreased the GlcNAc binding ability ( Figure 4E) , and therefore the OH group of Tyr 300 was confirmed to be important for the activity of FD1.
GlcNAc association and dissociation of FD1
We noticed that the wash fraction from the FD1-bound column contained a slight amount of the protein (Figures 3 and 4, lane 3) . Since we had confirmed that 1 μl of GlcNAc-agarose beads maximally binds to at least 2 μg of the purified FD1 at pH 8.0 and 4 • C in a preliminary experiment (results not shown), the column containing 20 μl of the GlcNAc-agarose beads is sufficient to bind to all of the applied protein (20-30 μg) in the present experiments. The FD1 that remained in the flow-through fraction is therefore considered to be the non-active state, while the bound FD1 is regarded as the active state.
Interestingly, we found that repeating the wash step of the FD1-bound column resulted in a decreased yield of the eluted protein, and this tendency was enhanced at low pH ( Figure 6 ). These results mean that the bound FD1 in the column can be easily dissociated from the column, depending on pH, thus indicating that the active FD1 is spontaneously converted into the non-active state. Furthermore, we examined whether the FD1 that remained in the flow-through (FT1) fraction retains the GlcNAc binding ability. For this purpose, the FT1 fraction at each pH was applied to a new GlcNAc column, and the second flow-through (FT2) and elution (E2) fractions from the FT1-applied column were analysed ( Figures 7D-7F) . As a control, Figures 7(A) to 7(C) show the pHdependent population change between the flow-through (FT1) and elution (E1) fractions from the first applied GlcNAc column, for which the data correspond to the SDS/PAGE analyses in Figure 2(B) . A similar pH-dependent population change was also observed in the FD1 that remained in the FT1 fraction ( Figures 7D-7F) . These results showed that the non-active FD1 is spontaneously converted into the active state. These findings demonstrated that FD1 always exchanges between the active and non-active states associated with the pH-dependent populations.
DISCUSSION
Origins of the pH-dependent activity of FD1
The analysis of the pH-dependent GlcNAc binding activity of FD1, by using the 2-state equilibrium model, suggested that three groups with a pK a of 6.2, probably histidines, contribute to the binding ability [18] . In addition, we performed a further analysis by using an improved model that is equivalent to our previous model, but distinguishes the pK a values of the groups between the two states, indicating that the pK a values of the groups are 6.1 and 6.3 in the active and non-active states, respectively [38] . The distinct pK a values between the two states strongly suggested that the groups related to the pH dependency exist in different environments between the two states; that is, the conformational difference exists in the ligand-binding region at any pH, although the populations of the two states depend on the pH. If the groups are basic residues, then their side chains in the active state should be located within a more hydrophobic environment than that in the non-active state [38] .
The mutational analyses for histidine residues in FD1 revealed that His 251 , His 284 and His 297 , located on the P domain (Figure 1 ), are required for the GlcNAc binding activity (Figure 3) , and the three residues are thus considered to be the origins of the pH-dependent activity. This result is in good agreement with the structural study [20] , which showed that the three histidines contribute to the stabilization of the conformation around the S1 site through hydrogen bonds at neutral pH, whereas the hydrogen bonds are disrupted at acidic pH. Interestingly, the side chains of His 284 and His 297 are apparently buried within the protein at neutral pH [20] , whereas they are exposed to the solvent at acidic pH [18, 20, 38] . In addition, the side chain of His 251 at acidic pH shows two alternative conformations: one is buried in the protein, which is similar to that in the structure at neutral pH, and the other is exposed to the solvent [20] . Such exposure of the histidine side chain to the solvent is expected to increase its pK a value. On the other hand, no drastic conformational changes of the other histidine residues (His 132 , His 194 and His 215 ) were observed in the structures between the neutral and acidic pH values [20] . These structural data strongly suggest that the pK a values of the three histidines in the P domain change between the two conformations, supporting our improved model [38] .
Although the biological significance of the pH-dependent activity of FD1 remains unclear, its physiological role was suggested by considering the fact that mouse ficolin B (M-ficolin homologue) is found in the lysosomes of activated macrophages [20, 39] . Additionally, FD1 reportedly showed an enhanced interaction with CRP when both the calcium level and pH are lowered [17] , suggesting that the non-active conformation of FD1 has higher affinity for CRP than the active conformation. Further studies are required to clarify the biological significance of the pH dependency of M-ficolin.
Evidence for the existence of the equilibrium between the active and non-active states
In the 2-state conformational equilibrium model, FD1 is assumed to exist in equilibrium between the active and non-active states, depending on the pH [18] . In this study, we found that the bound The multimer is an assemblage of the trivalent recognition unit containing the active and non-active FBG domains, and each FBG domain always exchanges between the active and non-active states. When the multimer encounters a pathogen surface bearing high ligand density, most FBG domains of the multimer are in contact with the ligands. Since some FBG domains are active, the multimer remains to bind to the pathogen. In contrast, when the multimer encounters the surface of a host cell bearing low ligand density, few FBG domains are in contact with the ligand. The active FBG domain that accidentally binds to the ligand on the surface immediately releases its bound ligand, because of the continuous exchange between the two states.
FD1 (active state) in the GlcNAc column can be released from the column by washing (Figure 6 ), and that the FD1 (non-active state) that remained in the flow-through fraction can bind to GlcNAc (Figure 7 ). Both behaviours depend on pH. These results confirmed that FD1 always exchanges between the active and non-active states with the pH-dependent populations in solution. A comparison of the crystal structures of FD1 between the neutral and acidic pH values indicated a conformational difference within the P domain [20] , and therefore the structures at neutral and acidic pH values are considered to be the active and non-active states, respectively. Although the crystal structures of FD1 showed either the active or non-active structure depending on pH [20] , the present study revealed that both of the two states coexist in equilibrium at any pH in solution. This difference between the crystal and the solution might be caused by crystal packing.
The equilibrium between the active and non-active states causes weak affinity for the ligand of FD1, and thus the trimer formation confers an advantage to obtain high avidity for the ligand. Indeed, the trimeric wild-type FD1 displayed higher affinity for GlcNAc than its monomeric mutants (Figure 4 ). This means that the multimer formation by M-ficolin is essential to obtain high avidity for the ligand. In addition, it was suggested that the trivalent recognition unit, composed of the three FBG domains, is required to recognize pathogen-associated molecular patterns [18] . On the other hand, the weak affinity for the ligand by the FD1 monomer is considered to be essential to prevent self-recognition, because if the FD1 monomer shows strong affinity for the ligand, then it can bind to self cells with low ligand density on the surfaces. Our speculated self and non-self discrimination mechanism by the M-ficolin multimer is illustrated in Figure 8 . In the case where the multimer encounters a pathogen bearing a high ligand density on the surface, most of the FBG domains of the multimer will be in contact with the ligands on the pathogen. Since some of the FBG domains are always active, the association time of the multimer with the pathogen would be drastically increased. In contrast, when the multimer encounters the surface of a host cell bearing a low ligand density, few FBG domains will be in contact with the ligands on the host cell. Since each FBG domain always exchanges between the active and non-active states, the active FBG domain that exceptionally binds to the ligand on the surface would immediately release its bound ligand, resulting in the short association time of the multimer with the host cell.
Interestingly, such multimeric recognition molecules with specific spatial arrangements of the ligand-binding sites bearing weak ligand affinity are found in other innate immune recognition molecules, such as collectins [6] and the horseshoe-crab tachylectins [40] . Therefore, the multimerization of recognition molecules with weak ligand affinity would be a universal strategy in the innate immune systems.
Although further study is needed to clarify the biological significance of the 2-state equilibrium of FD1, we expect that the slight amount of non-active FD1 that exists at neutral pH plays unknown physiological roles, because the non-active FD1 for GlcNAc binding may have affinity for unknown ligands. The GlcNAc-unrelated binding of M-ficolin to S. typhimurium [28] suggests that there are other binding manners for unknown ligands of M-ficolin, and the non-active structure might participate in these functions.
Conclusion
In the present study, we investigated the origins of the pH dependency and the existence of the 2-state conformational equilibrium of FD1. The mutational analyses revealed that His 251 , His 284 and His 297 in the P domain of FD1 regulate the pH-dependent GlcNAc binding activity, and the ligand association and dissociation analysis provided data supporting our 2-state conformational equilibrium model, in which FD1 always exchanges between the active and non-active states with the pH-dependent populations in solution. The histidine-regulated 2-state conformational equilibrium of M-ficolin may contribute to some physiological functions as well as to the self and non-self discrimination mechanism. 
